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Sumary

The genomi c revol ution, driven by the Human and ot her Genone Projects,
has opened a new era in the science and applications of biology an era
of systens biology. W can now bring together the concepts, and
technol ogi es of the biological, physical, and conputing sciences to
enabl e a conprehensive and fundamental understanding of life. This
revolution will translate into many applications and deliver enornous
benefit to the nation and the world. The DCE shoul d now create unique,
hi gh throughput research facilities and resources to translate the new
bi ol ogy, enbodied in the Genones to Life (GIL) program into a reality
for the nation. The BER program of DOE, having played a critical
catalytic role in bringing about the genonic revolution, is now poised
to make equally seminal contributions to this next, transform ng phase.
These next steps are where the major payoff to the DOE missions in
energy, climate, security, and the environnent and to the nation

resi des.

The bold vision of the DOE BER Genones to Life Programis designed to
build on the najor acconplishments of the past decade and nove from
this vision to reality to a new and conprehensi ve systens approach from
which we will understand the functioning of cells and organi sns and
their interactions with their environnents. Since the science has
changed so profoundly, to acconplish these challenging goals in a
tinmely and cost effective fashion, new facilities and new scientific
resources are needed. The facilities can be separate new ones or be
attached to existing facilities in the DOE systemor in academc
institutions. Exanples include protein production facilities, data
centers affiliated with the major conputing facilities, centers to
support conputational biology, new or expanded facilities to provide
capacity for an expanded user comunity in big instrunments |ike

Mass Spectronetry for proteomics, NMR X-Ray, electron m croscopes,

| asers, and the like. The key is to understand the |onger range goals
of GIL and the extent to which existing research infrastructure nust be
expanded, redirected and /or conplenented with a new set of core
capabilities and technol ogi es to achi eve these goals. This docunent
argues for and outlines a new plan that will provide the needed
facilities and scientific infrastructure to support the BER s Genones
to Life Program W call for an i medi ate pl anni ng process incl uding
action by BERAC and ASCAC and wor kshops for eval uation and
prioritorization of needs and prospective new technol ogi cal advances.

The Genom ¢ Revol ution

Genome data provide a fundanental, new starting point for understandi ng
Life's processes because the genonme contains the information necessary
to create and sustain conplex living systems. The intricacy of the

i nteractions of the subsystens of a living cell is becom ng
increasingly evident. It is clear, for exanple, that the major

el enents of nol ecular function, proteins, rarely work al one, but rather
act as elenents of nulti-nolecular nachines and pat hways, in closely
coupl ed physical networks. What the genone sequence has provided is



the full list of the conponents and the basic regulatory information
for the structure and function of the panoply of nol ecul ar nmachi nes
active in the cell. This new knowl edge, in conbination with the advent
of new technol ogi es, has opened the door to a strategy based on

conpr ehensi ve and hi gh t hroughput experinmental approaches to
under st andi ng the presence, identity, nunber,|ocation, and function of
all the working elements of a living systemand the processes by which
they are synthesized and controlled. At the heart of GIL is a new
systenms approach to bi ol ogy enabled and inspired by the successes of

t he genone projects. The CGenone projects have yielded four fundanenta
| essons: the value of high throughput biology, econonies of scale, the
power of discovery-based research for hypothesis generation, and

t he enormous power of open data with rapid availability to the entire
scientific comunity.

The new tools of genonics and the new technol ogi es for probing cellular
functions now enabl e discovery of the sophisticated ways that evol ution
has sol ved engi neering and i nformati on handling problems. Now we can

t ake advantage of the three billion of years of selection that nature
has sustained. The success of structural biology prograns at |arge
synchrotron, facilities in the past decade clearly denpbnstrates of the
val ue of creating high technol ogy, |arge-scale resource centers. The
BER program of DOE has played a critical, catalytic role in bringing
about the genomc revolution. The genome project has its origins in
BER (1987), the microbial genome project originated in BER, and BER is
now poi sed to nmake equally sem nal contributions to this next,
transform ng phase. These next steps are where the major payoff to the
DOE mission and to the nation resides.

Qur ability to capitalize on this information depends on the confl uence
of several specific advances, including advanced experinental tools
such as mass spectronmetry, x-rays, neutrons, and NVR to study structure
and function, tools to study biological function (mcro arrays, protein
chips etc), high performance conputing and simul ati ons, and our nascent
ability to integrate (both physically and conceptually) into a rea
systenms approach. The integration of this know edge and all of these
capabilities and their availability to all scientists is enabled by the
revolution in information and communi cati ons technol ogi es and science a
central nervous system for any conceivable facilities infrastructure.

DOE can create the needed interfaces between the requirenments and
aspirations of this broad vision and its extensive resources in

bi ophysi cal, physical and conputing sciences and engi neeri ng.

Realizing this vision inplies the inperative to narry experinmental data
anal ysis and experinment design with conputation including a new
generation of nodeling and sinulation. To truly understand the ways in
whi ch genetic information is translated into the functions of |iving
systens, the infrastructure for intelligent experiment design and the
devel opnent of nodeling and sinulation nmust be closely coupled -- each
process informng the other

Cenones to Life

To realize the full potential that the genonme projects have provided -
t ounder stand how t he parts encoded by the genone work together, the
past research paradi gm of studying isolated single-biological processes
(one gene at a tinme, for exanple) is being transforned into a systens



| evel paradigmfor research. This new paradigmrests on three critica
f oundat i ons;

1. Full genom c sequences of organisns and their evolutionary
relatives, and a variety of information about nolecular and cellul ar
structure,

2. New technol ogi es and techniques with their origins in physical
chemical and engi neering sciences as well as the life sciences, to
allow rapid, systemw de nmeasurement on |living systems, at the

nol ecul ar | evel; and

3. Information and conputing advances that provide scientists ready
access to conprehensive information and the tools to incorporate that
infornmation into nodels to probe the processes and phenonena of |iving
systens, test hypotheses and ideas, and inspire and informnew forns of
experimental inquiry. The only robust approach to grapple with the
conplexities of living systens is through the tenporal, spatial, and
functional flexibility of computational simulation and nodeling.

The Genones to Life initiative seeks to bring these three el enents
together to create an environnent to realistically and expeditiously
pursue a wor ki ng understanding of the many living systens that are

i mportant to the mssions of DOE, particularly for payoffs for Energy,
Climte, Security, and Environnent. An integration of the three
critical foundations will thus forma vital part of the new core of

i nfornmati on and experinmental capabilities for biological science and
technol ogy for all DOE programs, and be a critical enabler of the

nati onal effort in 21st Century Biology. The many needs and
opportunities of the full DOE Sci ence and Technol ogy portfolio and the
many benefits to other national progranms requires that BER establish a
robust and conprehensive resource base to support the growi ng needs of
the scientists working on these conplex problenms. GIL represents both
the notivation for and the nucleus of the new resources and facilities
pr ogram

A Call for New Resources

We argue here that a key part of this new enterprise is to make

avail able the full suite of avail able technol ogies for individua
researchers, as well as access the vast new information resources that
will rapidly evolve. Achieving the great pronise before us will
requi re a sophi sticated managenent phil osophy that brings the life,
physi cal, and conputing disciplines together with a coherent set of
goals to create this new environment. This enterprise nust harness the
uni que powers and resources of the national |aboratories, academ a, and
i ndustry in new ways if the promise is to becone a reality.

As the genone projects have shown, a conprehensive and hi gh throughput
approach to biology cannot only provide a revol utionary nodel and
approach to understanding life, but also requires new institutiona
nodel s and approaches that go far beyond the historical single

i nvestigator nodel that has been so inportant in the past. Key to
success of GIL is genone-scale collection, analysis, dissemnation and
nodel i ng of data. Just as with the HGP and the conmmunity generation of
DNA sequence, a key to the success of the GIL will the generation, for
the research community, of genone-scal e data, and data managenent and



anal ysis tools and capabilities for the biological "outputs" of a
genone - biological function that results fromgenetic regul ation

nmol ecul ar machi nes, higher order structure and function of cells
organi sns and m crobial communities. W argue that to make new
capabilities widely available, and to use themeffectively can best be
done by establishing new Facilities and Resource Centers. These
centers nmust serve the conmunity of national |ab, acadenic and

i ndustrial research users. Creating this new capability will require a
concerted strategy that speaks to a wide range of institutional needs
and requirenents for DOE, the National Laboratories, Academ a

I ndustry, and the other Federal Agencies.

The Rational e and Benefits for Facilities and Resource Centers:

DOE s GIL Facilities and Resource Centers should be devel oped and
operated for a wide variety of specific purposes which include the
fol | owi ng:

to enabl e systens biology research to take full advantage of the
exi sting national facilities;

to assenble and facilitate new capabilities for high throughput
systens bi ol ogy;

to create effective centers for biological conputing and information
nmeanagenent ;

to advance technol ogy devel opnment to enabl e the inplenentation of
GIL;

to facilitate the application of GIL science and technol ogies to
specific areas within DOE s science and technol ogy portfolio especially
speci fic DOE mi ssion areas; and

to provide resources and user facilities for scientists throughout
the National Laboratories, Academ a, other federal agencies, and
i ndustry.

Bringi ng toget her resources and people to economically create such
Facilities and Resource Centers can have many benefits.

1. They will enable new science. Providing scientists with the
ability to open new avenues of inquiry will fundanentally change the
course biology in the com ng decades. New ki nds of questions can be
asked and answered. This will attract the very best talent to the
field.

2. They will stimulate rmultidisciplinary technol ogy devel opnent. Many
t echnol ogi es can only be devel oped in an environnent of deep and broad
techni cal and engi neering resources.

3. They could be the only way to do some things of great significance
to biological discovery -- the synchrotrons sources represent a
striking exanple of this phenonenon.

4. There is an econony and efficiency of scale for sone inportant



resources as has been evident in genone sequencing centers |ike the
DOE' s Joint Cenone Institute.

5. They can bring together advanced and diverse technol ogi es and
prograns in an integrated conputing and i nformation environnment and

t hus provide a conprehensive infrastructure if multiple capabilities
and resources are integrated effectively, nmuch nore effective research
can result.

6. They can be the point of focus of whole new comunities of
scientists at the interfaces of disciplines.

7. They can break down the walls between institutions, providing a new
venue for science that transcends Nationa
Labor at ory/ Acadeni ¢/ | ndustri al boundari es.

The devel opment of major facilities has been a great success story for
DOE, and has led to many revol utionary avenues of research and

di scovery for the nation. As biology progresses, and as the systemns-
wi de and hi gh throughput approach begun in the genone project becones
nore preval ent, resources to enable this new science will beconme nore

i mportant and BER nust aspire to provide them These new resources wl |
i nclude distributed networks of resources, enhancenment of existing user
facilities, and new stand-alone facilities for new purposes.

Managenment and | npl enentation: To assure excellence in conception and
execution in the design and establishment of this suite of
capabilities, an open and peer reviewed conpetitive process involving
the broad user community is essential. The identification of new
concepts, planning, and facilities devel opment should first be carried
out by a variety of nechani sns including workshops and BERAC and ASCAC
panel s and sub-comittees convened for this purpose. There are
nunerous BES facilities which will also be critical for this program
Sim | ar nmechani snms, working with BESAC, will be inportant to exploit
the links between the BER and BES progranms and for facilities planning.

The creation of this new generation of facilities offers an opportunity
to |l everage the best in the individual investigator tradition of the
life sciences and the tradition of creating sophisticated and
technol ogi cal | y advanced facilities and conputing infrastructure from
t he physical and conputing sciences. 1In today s world of rapid
comuni cations and travel, an environnent based on creativity and the
entrepreneurial spirit with ready availability of the npst advanced

t echnol ogi es and concepts shoul d be attainable given appropriate
managenment focus and funding. Some new facilities m ght be designated
as pilot projects and graduated to full facilities when they pass an
eval uative phase. It is inmportant to determ ne whether there is a rea
advantage to centralizing a particular capability, and whether the
initial location and teamcan deliver an effective resource to the
comuni ty.



Facilities Requirenents:
A. Existing Facilities:

As DOE is the agency primarily responsible for creating and operating
maj or scientific user facilities, there is a robust assortnent of
facilities that are currently used by a very large multidisciplinary
community. A key priority for GIL is the establishnent of support,
producti on, and other resources to assure access and opti mal use of
these existing facilities for GIL related research and applications.

In the case of the four synchrotrons (ALS, APS, NSLS, and SSRL),
partnership with NIH and ot her non-federal partners has created a very
effective and | arge set of instrunents that serve the Nation s needs
for doing frontier work in structural biology. Strong prograns in
structural genonmics are being devel oped at all of these 4 facilities,
primarily with funding fromNH |t can be well argued that the
facilities nucleate the formati on of strong, innovative scientific
progranms, a phenomenon we woul d hope to duplicate in other, new areas
The sensi bl e approach for this area woul d be to enhance and nake
avai | abl e existing capabilities to support the structural biology
aspects of GIL.

In addition to the synchrotrons, existing DOE capabilities for biol ogy
i ncl ude:

Signi fi cant sequencing capability at the Joint Genone Institute,
annot ati on and sequence finishing at ORNL, LANL, Stanford Medica
School and the Conprehensive M crobial Data Base Center at TIGR

Forefront NMR capabilities and supporting isotopic |abeling
capabilities (PNNL and others);

Forefront Mass Spectroscopy capabilities for proteom c and ot her
applications (EMSL and other |aboratories);

The Mouse House at ORNL

The RDP at M chigan State;

Nati onal Centers for H gh Perfornmance Conputing;

El ectron M croscopes;

Laser-based I naging Facilities;

Neutron Facilities at HFIR, LANSCE, and at SNS in future; and
Technol ogy devel opnent for genonics and proteom cs, sequencing, gene

expressi on nmeasurenent and conparison, etc. in several |ocations.

* F Xk X X

In several instances, the inpact of existing or expanded facilities
could be significantly increased by providing for nore efficient access
by the wider scientific community. Were appropriate, such

i mprovenents in access should becone a high priority proximal goal for
GTL.

B. New Facilities and Resource Centers:

The chal | enge of increasing the scale of data acquisition and
experimentation and of devel opi ng technol ogi es for working at the scale



needed for GIL requires that we establish several research
facilities/centers. Several of these could inmmediately be fielded in
pilot facilities to test them agai nst real biological problens, train a
conmunity of scientists in their use, and to understand the econonies
of scale and cost-effectiveness, and define the scope, and technica

and support requirements of these kinds of facilities. It is inportant
to determine definitively the advantages of a centralized capability in
many cases it is clear at the outset, for others it may not be. W

beli eve that the conpletion of the list, and their prioritization and

i ntegration should be addressed i medi ately by BERAC panel s and

wor kshops in the broad scientific comunity. The facilities or
resources listed inmediately below are directly coupled to GIL goal s
and are therefore likely to be high priority.

The list is intended to be illustrative of areas for devel opment, not
i ncl usive.

Facilities for the Analysis of Miltiprotein Mlecular Mchines
t hat devel op and enpl oy technol ogi es for identifying and understandi ng
i nteractions between cellular proteins and their functions. The
technol ogi es required include: Large-scale and hi gh-through-put protein
expression and production; sanple separation and preparation technol ogy
devel opnent; sanple preparation; instrumentation devel opnent; nmass
spectronetry anal yses; and integrated bioinformatics and conputati on.

Facilities for Mapping and Model i ng Gene Regul atory Networks that
initially pilot and subsequently scale up regulatory network di scovery
and mapping. This involves the devel opnment and integration of whol e-
cell proteomcs capabilities, |arge-scale gene and protein chip
anal yses, conparative genonics including nulti-species large insert
libraries, new nethods for analyzing cis-regulatory elenments in the
genome, gene regul atory network bioassays, and an integrated
conput ati onal and bi oi nformatics program

Facilities for the Analysis of Mcrobial Gowh and Interaction
that include chenostats and fermentor farns to study the growh and
dynam cs of nicrobial systens in pure and mxed cultures under a
variety of conditions. As studies progress these facilities wll
devel op Lab-Bench-scale pilots for investigating various energy
production, bionass conversion and carbon sequestration scenari os.
Technol ogies will include: nicrobial imaging capabilities such as
atomic force microscopy and rel ated i magi ng technol ogi es; environnenta
scanni ng el ectron mcroscopy to imge |ive-hydrated m crobes and
rel ated high resolution imaging technol ogies as well as mcrochemstry
capabilities such as ion m croprobe type anal yses, focused ion beam
secondary ion nass spectroscopy for high resolution chem cal napping of
intra- and extra-cellular enzyme conpl exes as well as cell wall
components of m crobes, electron mcroscopy linked to el ectron
energy | oss spectroscopy to facilitate m cro-chem cal anal yses, etc.

Conbi natorial Chenmistry Facilities for Small-nol ecul e based
Functi onal Genomics that integrate the design and synthesis of nove
snmall nolecule libraries, devel opnment of novel high-throughput
bi ol ogi cal assays, and creation of inventive strategies for identifying
gene function. The rapid devel opnent of specific inhibitors of protein
function, for exanple, can be powerful reagents in the dissection of
protein function.



Mol ecul ar Inmaging Facilities to devel op new | abeling chem stries
and i magi ng capabilities leading to a high throughput capabilities in
areas that include: cryo-electron mcroscopy, soft X-ray mcroscopy,
snal | -angl e X-ray and neutron scattering capabilities, and single
nol ecul e detection nethods that all ow the i magi ng of several nol ecul es
at the same tine and that can be used to characterize the functiona
dynam cs of proteins, including their sub-cellular |ocation.

Production Proteonics Facilities that: produce milligram

guantities of thousands of proteins for use in function studies, assays
and structural anal yses; perform hi gh-throughput, global, ultra-
sensitive and quantitative neasurements of RNA and protein expression;
and provide informatics and conputational tools to nanage, analyze and
provi de access to the information produced by the PPF and to ensure

i ntegration of the PPF data and know edge base into the systens biol ogy
enterprise

Mouse Facility The advent of genomi c sequence information and
revol uti onary genone based techni ques has given a new i nportance to
studi es of the functions of biological systems in- vivo in mce.

Facilities and Resource Center needs include:
1. Advanced technol ogi es for mani pul ati ng nouse genes, such as

a. New Lenti-virus vectors that appear to sinplify the process of
maki ng transgeni c ani mal s;

b. Ability to tenporally manipul ate specific gene expression; and
c. I maging specific gene products in real time in live aninals.

2. User facilities for systematic production of
a. Transgenic and gene repl acenent ani nal s;

b. Mutagenesis, for exanple the new ethyl nitrosourea (ENU)
mut agenesi s projects that can nutageni ze any and all genes in
vi vo, exani ne the phenotypic effects by high-throughput
screening, and rapidly map the causative gene(s). This later
can only be done in large central facilities.

Conput ati onal Capabilities -- Linking the conputational capabilities of
the national |abs to the day-to-day operation of Genones to Life
research facilities is one key to making these facilities truly

power ful and unique. The conputational biology roadmap, jointly

devel oped by ASCR and BER, projects a computational biology enterprise
whi ch includes: the devel opment and use of new computing and

i nfornmati on technol ogi es for handling, storage and retrieval of data
and know edge, and an aggressive program of focused mat hematics and
comput er science research focused on nethods for nodeling conpl ex

bi ol ogi cal systems and conparing nodels to experinmental data, and an
appropriate conputational infrastructure for these activities. The
amal gamati on of these efforts requires additional funding, and



mat henati cal anal ysis, software and al gorithm devel opnent dedi cated to
t hese bi ol ogi cal problens.

Potential Pilot Facilities -- There are several potentially exciting
devel opnents in the near termthat could provide inmportant enabling
technol ogi es for GIL and are worthy of careful consideration. Severa
of these concepts could inmediately be fielded in Pilot facilities.

Effective facilities for Production of Proteins are very inportant
to provide the nmaterials needed for experinmentation. These materials
are essential for the understanding of protein conplexes and protein-
based materials including conposites. Carrying these proteins on to
crystallization and structure determnation is another essentia
producti on need for those being studied by macronol ecul ar synchrotron
x-ray diffraction and/or neutron scattering. These sorts of capacities
need not be directly co-located at the synchrotron facilities as once
produced and frozen, sanples are readily transported,

Facilities for High-throughput Proteonics are essential for a
systens approach to protein synthesis, nodification, distribution, and
function. Knowi ng all possible architectural elenents of proteins (a
goal of structural genomcs) will greatly advance our understandi ng of
singl e domain structures and predictions. Wen conbined with | ower
resol uti on techni ques (see bel ow) we can begin to understand function
at the intermediate scal es.

Internedi ate-scale Imaging Facilities. Wile crystall ography
yi el ds atom c resolution structure, Cryo-EM has the advantage of being
able to look at many different functional states of the conplexes. The
recent study of the ribosone is a perfect exanple of the value of both
approaches being pursued in parallel. (Alittle further out intine is
the possibility of doing the sane sort of experinents with x-rays that
woul d becone available fromthe so-called fourth generation x-ray
synchrotron |ight sources (and such a source is being planned for
construction by DOE, called LCLS, that could be operational in about 5-
6 years). There is commpnality in the computational analysis and
algorithms in these two approaches.)

Centers for the Analysis of Nano-scal e Biol ogical Structures. The
burgeoning field of nanosci ence and nanot echnol ogy offers a
nmul tifaceted opportunity when coupled with the revol ution in biology.
Al'l of life's processes are based on nano-machi nes and phenonenol ogy at
t he nanoscal e and are encoded i n genones of all organisms. The
connecti on between genes and nol ecul ar machi nes and material s
represents a mmjor opportunity for the BER program A pilot center
with an enphasis on the genonic analysis of biological materials is
very timely.

* Large scal e DNA sequenci ng capacity for selected el enments of

whol e-genonmes will be an essential ingredient in regulatory network

di scovery and ot her GIL goals for years to cone. Providing facilities
specifically designed to enable diverse researchers to have access to
hi gh efficiency large scale sequencing is crucial to maxim zing GIL

di scovery and the inmpact of the DOE sequencing capacity for the nation



This list of new facilities needs is certainly not inclusive, and it
remai ns to deternine which of these are anenable to effective

enbodi ment into resources and facilities for the community. It is tine
to begin the evaluation of these and other potential resources that are
crucial to the future of biol ogy.

Conclusions and a Call for Action

The tine has come, because of the genomic revolution, to step forward
and assess the new needs of the biological sciences. W have within
our reach the ability to bring together the biol ogical, physical, and
conputing sciences to enable a fundanmental understanding of |ife and
the resulting benefits to the nation and the world. BER has played a
catalytic and instrunental role in bringing about the genomic

revol ution and is now poised to nmake equally seninal contributions to
this next, transform ng phase. The vision of the BER Genones to Life
Programis designed to build on nmajor acconplishments of the past
decade and nmove fromthis vision to reality. The next steps are the
real payoff to the nation and to the DOE mission. Since the science
has changed so profoundly, new facilities and new scientific resources
are clearly needed. The DOE shoul d now create unique, high-technol ogy
and hi gh-throughput research facilities to translate the new bi ol ogy,
enbodi ed in the goals of the Genones to Life program into a reality
for the nation. The Genone to Life Program provides both the rationale
and nucl eus of a broader programto bring the benefits of the genone
revolution into reality. W argue here for a new plan that wl|
provide the needed facilities and scientific infrastructure,

and call for an inmediate planning process including action by BERAC
and wor kshops for evaluation and prioritization of needs. The

i mpl ement ation of this plan could have a transform ng effect on the

bi ol ogi cal sciences of the next two decades.



